Comprehensive exergy and exergoeconomic assessments are reported for a proposed power producing system, in which an organic Rankine cycle is employed to utilize the waste heat from the fuel cell stack. A complete mathematical model is presented for simulating the system performance while considering water management in the fuel cell. The simulation is performed for individual components of the fuel cell system, e.g., the compressor and humidifiers. A parametric study is conducted to evaluate the effects on the system's thermodynamic and economic performance of parameters, such as the fuel cell operating pressure, current density, and turbine back pressure. The results show that an increase in the fuel cell operating pressure leads to a higher exergy efficiency and exergoeconomic factor for the overall system. In addition, it is observed that the overall exergy efficiency is 4.16% higher than the corresponding value that is obtained for the standalone fuel cell for the same value of fuel cell operating pressure. Furthermore, the results indicate that the compressor and condenser exhibit the worst exergoeconomic performance and that the exergoeconomic factor, the capital cost rate and the exergy destruction cost rate for the overall system are 40.8%, 27.21 $/h, and 39.49 $/h, respectively. Sustainability 2019, 11, 3264 2 of 25
Introduction
The reduction in fossil fuel resources and the environmental impacts that are associated with the use of these fuels influence the sustainability of future energy systems. Therefore, alternative energy sources and their more efficient utilization has been a major concern for researchers in recent years. Many consider fuel cells to be promising in this regard, as they use clean energy and have reduced greenhouse gas emission. In addition, the Carnot cycle efficiency does not limit their efficiency and they do not emit pollutants, such as sulfur dioxide and nitrous oxides [1] . Proton exchange membrane fuel cells (PEMFCs), among other types, are expected to play a major role in the future energy sector due to their high power density, quick starting, low operating temperatures, and simple stack design. However, reducing the capital costs, weight, and volume of these fuel cells is a challenge in making them competitive with traditional power producing systems like internal combustion engines [2] . In addition, it is necessary to have an appropriate and optimum value of water content inside PEMFCs to retain the durability of these fuel cells and the efficient operation of them. This can be achieved by humidifying the reactant gases before they enter the cell [3, 4] . conducted energy and exergy analyses for a CHP system that is based on a PEM fuel cell for residential applications and reported an exergy efficiency of 58% under optimum operating conditions. In another paper [27] , Barelli et al. compared the energy and exergy performances of two micro CHP units that are comprised of solid oxide and PEM fuel cells. They concluded that the PEMFC based CHP system has higher exergy efficiency, due to its operation at atmospheric pressure and low temperature. Hanapi et al. [28] presented an exergy analysis for a PEM fuel cell that was employed in a mini urban car. Through a parametric study, they showed that an increase in operating temperature and pressure resulted in a higher value of exergy efficiency. However, they did not study the exergoeconomic performance of the system. Kalinci et al. [29] proposed a hybrid power system based on a PEMFC while using renewable energies to produce hydrogen and electricity. They performed a thermodynamic analysis using the energy and exergy approaches.
As mentioned earlier, much effort has been devoted to the exergy analysis of small scale LT-PEMFCs. Parametric studies have been performed to investigate the effects of the exergetic efficiency of various operating conditions. However, little data are available in the literature regarding the details of exergy destruction occurring in the various components of PEM hybrid systems. In addition, limited information is available in the literature on the exergoeconomic analysis of these fuel cells. Kazim [30] performed an exergoeconomic analysis for a 10 kW PEMFC and concluded that increasing the operating pressure and air stoichiometry can improve the fuel cell product exergy cost. In their work, the exergy destruction cost and exergoeconomic factors were not studied. Using a semi empirical model for simulating PEMFC performance, Mert et al. [2] presented an exergoeconomic analysis of a vehicular PEM fuel cell system. They reported that the fuel cell stack made the highest contribution to the overall cost. These authors did not present the exergy destruction and exergy cost of other components, such as humidifiers and compressor, separately. Suleiman et al. [31] carried out a thermoeconomic analysis for PEMFC systems that are fuelled with methanol and methane and showed that the system using methane exhibits comparatively lower capital cost. Sayadi et al. [32] performed an exergoeconomic analysis to address the trade-off among the advantageous and disadvantageous effects of incorporating an expander as part of a PEMFC system, to assist in selecting a proper design concept.
The use of ORC for the recovery of waste heat from energy conversion systems has been shown to be a promising technique in efficiency enhancement. As mentioned before, although the combination of an ORC and a LT-PEMFC has been reported in the literature, detailed exergy and exergoeconomic analyses of this combination are lacking, and inadequate attention has been paid to the modelling of the individual components. Water management in LT-PEMFCs is a crucial issue and it needs more attention. The present work addresses these gaps. A complete mathematical model is presented for simulating the overall system performance. In addition, the developed PEMFC model considers the multi-phase existence of water in the channels, thus more thoroughly investigating the fuel cell phenomena. A parametric analysis is conducted to evaluate the effects of several important parameters on the system's thermodynamic and economic performances. The objectives are to understand the details of processes occurring in the proposed system and their impacts on its thermodynamic and economic performance. Figure 1 shows a schematic of the proposed system. The proposed system includes an air compressor, a hydrogen tank, a pressure regulator, two humidifiers, a PEMFC stack, and an ORC with its components. Air is compressed in the compressor before it enters humidifier 2 and then passes to the cathode of fuel cell stack. The pressurized hydrogen is throttled through a pressure regulator, before being fed to the anode via humidifier 1. Afterwards, the air and hydrogen participate in electrochemical reactions to produce electric power and water. The unused hydrogen flows back to the PEMFC stack inlet to recycle it once the reaction is accomplished. The water exiting the stack also flows back to the humidifiers for reuse. The electrochemical reaction releases a considerable amount of heat in the stack. This heat is used to run the ORC, as shown in Figure 1 . R123 is the working fluid in the ORC. It is evaporated at a constant sub-critical pressure as it is heated by the waste heat from PEMFC stack. The vapor then is expanded in the turbine to the condensing pressure to produce power. The superheated vapor exiting turbine flows to the condenser, where it rejects heat to the cooling water. Finally, the saturated liquid condensate is pumped to the subcritical pressure and the cycle is completed. considerable amount of heat in the stack. This heat is used to run the ORC, as shown in Figure 1 . R123 is the working fluid in the ORC. It is evaporated at a constant sub-critical pressure as it is heated by the waste heat from PEMFC stack. The vapor then is expanded in the turbine to the condensing pressure to produce power. The superheated vapor exiting turbine flows to the condenser, where it rejects heat to the cooling water. Finally, the saturated liquid condensate is pumped to the subcritical pressure and the cycle is completed. 
System Description

PEMFC Mathematical Modeling
The PEMFC modeling is presented in two sections.
LT-PEMFC Electrochemical Modeling
To simplify the PEMFC modeling, several assumptions are invoked, as follows [16, 33] :
• System operation is at steady state.
•
The inlet air contains 79% N2 and 21% O2 by volume.
Constant and equal pressure is assumed for the gas flow channels in the fuel cell.
Hydrogen at a relative humidity of 50% and humidified air at a relative humidity of 100% are supplied to the anode and cathode, respectively.
The fuel cell operates at a temperature of 85 °C and a pressure of 300 kPa.
The stream temperature at the channel exits is equal to that of the stack operating temperature.
The heat losses from the system components to the surrounding environment are negligible. • Pressure drops inside the fuel cell are neglected.
At the anode side, the hydrogen is ionized and electrons as well as H + ions (protons) are produced:
Anode:
The released electrons are conveyed through an external circuit, while the hydrogen ions pass through the electrolyte. At the cathode side, water is produced as a reaction takes place among the oxygen, the electrons from the electrode, and the H = ions from the electrolyte:
Cathode:
The overall reaction in fuel cell is a combination of the above two reactions: Overall reaction: 
PEMFC Mathematical Modeling
LT-PEMFC Electrochemical Modeling
•
System operation is at steady state.
The inlet air contains 79% N 2 and 21% O 2 by volume.
The fuel cell operates at a temperature of 85 • C and a pressure of 300 kPa.
At the anode side, the hydrogen is ionized and electrons as well as H + ions (protons) are produced: Anode: H 2 → 2H + +2e − The released electrons are conveyed through an external circuit, while the hydrogen ions pass through the electrolyte. At the cathode side, water is produced as a reaction takes place among the oxygen, the electrons from the electrode, and the H = ions from the electrolyte:
The overall reaction in fuel cell is a combination of the above two reactions: Overall reaction: The reversible open circuit voltage that was generated by the fuel cell can be expressed by the Nernst equation [30] : E Nernst = (−∆G 0 /n e F) + (RT fc /n e F) ln(P H 2 P O 2 /p sat
Here, P H 2 and P O 2 are the hydrogen and oxygen effective partial pressures at the anode and cathode, respectively, and they are defined as [8, 16] :
In these equations, x sat H 2 O is the water molar fraction, which can be determined as [8, 16] :
The saturation pressure of water vapor can be expressed as a function of temperature, via the following empirical equation [8, 16] :
The x channel N 2 in Equation (3) is the nitrogen molar fraction in the humidified air stream, calculated as:
x N 2 ,out = 1 − x sat H 2 O 1 + ((λ air − 1)/λ air )(0.21/0.79) (8) and where x N 2 ,in and x N 2 ,out are the nitrogen molar fraction entering and exiting the fuel cell, respectively. There are three kinds of irreversibility that reduce the value of the actual measured fuel cell voltage when compared to that of the reversible voltage. These irreversibilities are referred to as activation losses, concentration losses, and ohmic losses. Therefore, the actual voltage of PEMFC equals the Nernst voltage minus the mentioned losses [16, 34] :
The activation overpotential is caused by the slowness of the reactions taking place on the electrode surfaces. It can be calculated by a semi-empirical equation, as [9, 16] :
where C interface O 2 denotes the oxygen concentration at the interface of cathode and membrane, as expressed as [8, 9] :
and ξ can be written as [16] : The concentration overvoltage, or mass transport loss [35] , occurs as the reactants concentrations at the electrodes surfaces are changed due to fuel consumption. In fact, insufficient reactants are transported to the electrode surfaces. The concentration overvoltage can be calculated as:
The ohmic loss occurs due to the electrical resistances that are associated with electrodes, bipolar plates, terminal connections, and the flow of ions in the electrolyte. This overvoltage can be calculated as [9, 16] :
R int = r mem t m /A cell (16) where r mem represents the Nafion membrane resistance, expressed as:
Here, ψ is the water content of membrane, the calculation of which is explained in the following section. The real voltage of the fuel cell can be determined while using Equations (10)- (19) . As the fuel cell stack consists of numerous connected single cells, the power generated by the fuel cell is calculated as:
Mass Balances
In the present work, spatial dependences are neglected for variables within the flow channels. For a specific current density, the mass balances for hydrogen and oxygen are expressed, on molar bases, as follows:
.
The second terms on the right side of the above two equations are the hydrogen and oxygen consumption rates, respectively. The entering hydrogen and air molar flow rates are calculated while using their respective stoichiometric rates. That is,
The entering and exiting nitrogen flow rates are equal, as this gas is not participating in the reaction:
. n N 2 ,in = . n N 2 ,out
In the present work, based on the model that was reported by Yi and Nguyen [36] , the ratio of water molecules transferred per proton is calculated and considered for the water mass balance in the stack.
It is worth mentioning that several factors influence the water flow rate in the channels and the presence of its liquid and vapor phases. These factors are: (a) water production at the cathode Sustainability 2019, 11, 3264 7 of 25 because of the reaction among the oxygen, proton, and electron; (b) diffusion of water from cathode to anode; (c) transport of water from anode to cathode due to the electro-osmotic drag process; and, (d) the condensation and evaporation of water based on the partial pressure and saturation pressure of water [36, 37] .
In each flow channel, the liquid water flow rate, which is affected by condensation and evaporation, can be expressed as [37] :
This equation indicates that the difference between the partial pressure of the water and its saturation pressure at the corresponding temperature influences the condensation/evaporation rate. However, the equation is not valid when the water partial pressure is lower than the saturation pressure.
The water balances in the anode and cathode channels are expressed as [37] :
where α is the ratio of water molecules per proton. This ratio can be written as [35, 37] :
The following empirical equations are used for the physical parameters in the model [37, 38] :
Determining the water content at the cathode and anode is somewhat complicated. In this regard, Equations (24) and (25) are suitable if the liquid and vapor in the channel are in equilibrium. This indicates that the liquid content of the channel exists either by partial evaporation of entering liquid or condensation. Rearranging Equations (24) and (25) results in the following: This is a second order equation that can be easily solved. Two solutions are obtained for the water vapor content. If a positive and noncomplex solution is obtained from Equation (34), then the liquid water value is calculated using Equation (24) . If a physical solution cannot be obtained, the liquid flow and the water vapor are calculated as:
The water migrating from the anode to the cathode is the difference between the inlet and outlet water flows:
In order to predict the cathode water content, Equation (26) is rearranged, as follows:
Equation (24) is used for calculating the liquid water flow in the cathode. If none of the results obtained from Equation (37) are physically meaningful, then no liquid flow exits the cathode channel, and the water vapor flow is calculated, as follows:
The solution method for α and the calculation of water flows are summarized in the flowchart shown in Figure 2 . Table 1 presents the parameter constants that were used in the modeling and the basic input overall system parameters used for the simulation and the parametric study. Table 1 . Parameters considered in model and simulation of overall system.
Variable Value
Physical Parameters [16] . b [37] . c [35] . Table 1 presents the parameter constants that were used in the modeling and the basic input overall system parameters used for the simulation and the parametric study. Table 1 . Parameters considered in model and simulation of overall system. 
Thermodynamic Analysis
Energy, exergy, and exergoeconomic analyses are performed in order to analyze the fuel cell system from the viewpoints of thermodynamics and economics. The methodology of each of these analyses is explained in the following sections.
Thermal Model of the System (First Law of Thermodynamics)
The thermodynamic assessment of the system considered is carried out while using a control volume approach. Therefore, the conservation of mass and energy for each system component as a control volume, under steady state conditions, can be written as:
The thermal models are presented for fuel cell and ORC separately, in the following subsections.
PEM Fuel Cell
The compressor actual power consumption can be written as:
The compressor isentropic efficiency is expressed as:
A large fraction of energy is dissipated as heat in the fuel cell. This heat is removed from the fuel cell and utilized in the ORC for additional power production in order to protect the fuel cell from overheating. The conservation of energy equation for the fuel cell can be written, as follows:
where . Q ch and . Q sensible are the input heat rate to the system and the sensible heat rate, respectively.
In order to calculate . Q sensible , the fuel cell is considered as a separate control volume. Afterwards, For simplification purposes, the heat interactions between the ORC system components and the surroundings, and also the pressure drop in the condenser and connecting pipes, are neglected.
As mentioned before, the heat that is rejected from the fuel cell must be removed to bring about a specified operating temperature for the fuel cell under steady state condition.
The principle of energy conservation is invoked for the ORC components, with each treated as a control volume, resulting in the equations in Table 2 . This table also includes the input heat to the ORC and the ORC thermal efficiency. Table 2 . Energy balances and expressions for the organic Rankine cycles (ORC) components.
Component
Energy Balance or Expression
Q in,ORC Finally, the system overall electrical efficiency can be defined as:
Exergy Analysis
Exergy is a useful concept for assessing the real thermodynamic inefficiencies that occur within a system [22] . Determining the exergy for each stream and also the exergy destruction for each system component is required for a detailed thermoeconomic analysis. The specific flow exergy of a stream can be written, while neglecting potential and kinetic forms of exergy, as the combination of physical and chemical components, as follows:
The specific physical exergy of the ith stream is given as [22] :
The chemical exergy of ideal gas mixtures is defined as [22] :
where x i and x 0,i indicate the mole fractions of the ith component in the mixture at the restricted dead state and the dead state (environment state), respectively. In the present work, the restricted dead state condition is assumed as: T = 25 • C, p = 1 atm, whereas the unrestricted dead state condition is defined in Table 3 for a relative humidity of 60% [39] . The chemical exergy of hydrogen fuel is equal to 237,600 kJ/kmol [39] . As the air entering and exiting the cathode is humid, its chemical exergy is calculated while considering moist air as an ideal gas mixture. In practice, engineers often present the exergy of humid air per kg of dry air. The chemical exergy for humid air can be expressed as [39] : e ch,moist air = T 0 (R ln 1 + cω 0 1 + cω + cωR a ln (ω/ω 0 )) (52)
Here, ω and ω 0 are the humidity ratio at the given state and environmental dead state, respectively. The value of ω 0 is calculated as 0.01912 for atmospheric air at 25 • C, 1 atm, and 60% relative humidity [39] .
The exergy rate balance for a control volume under the steady state condition can be written as [22] :
The exergy efficiencies for the kth component (ε k ) and the overall system (ε tot ) are expressed as: E in indicate the rates of fuel exergy, product exergy of each system component and total exergy input of the H 2 , and air entering the system, respectively.
Exergoeconomic Analysis
Exergoeconomic analysis combines exergy concepts and the economic principles. This analysis provides useful information for designing more efficient systems by evaluating the costs of the inefficiencies. The specific costing (SPECO) method is followed in the present work. In this method, exergy and its unit cost balance are utilized for each system component with auxiliary cost relations, to provide a straightforward scheme to assess the system economic performance [40, 41] . The cost balance equation for a system component is as follows [22] :
The cost associated with exergy destruction ( . C D ) is a hidden cost in Equation (58) [22] . This parameter can be expressed as:
where c F,k is the specific cost of the fuel exergy for the kth component, which is given as:
In the present work, the hydrogen and water costs are assumed to be 10 $/GJ and 1 $/m 3 , respectively. In addition, the fuel cell capital cost is taken to be 5000 $/kW and the humidifier capital cost is assumed to be 4% of the fuel cell cost [34] . Table 4 presents the capital cost functions for the other components. Z k , is dependent on the capital cost [22, 40] :
where φ is the operating and maintenance factor, taken as 1.06, N is the number of system operating hours in a year (8760 h/year) and CRF is the Capital Recovery Factor. The Capital Recovery Factor can be written as [22] :
where n is the system life (assumed to be 15 years) and i is the interest rate (taken as 10%). Table 5 presents the cost balance and auxiliary equations for the system components. By simultaneously solving these equations, the specific cost and the corresponding cost rate of each exergy stream are calculated. Afterwards, the parameters for the exergoeconomic analysis are obtained [22] . Table 5 . Cost rate balances and auxiliary equations for components of the proton exchange membrane fuel cell-organic Rankine cycle (PEMFC-ORC) system.
Component Exergy Cost Rate Balance Equation Auxiliary Equations
Anode side humidifier The specific cost of the product exergy for the kth component can be expressed as:
The exergoeconomic factor (f k ), which expresses the contribution of capital investment and operating and maintenance expenses on the total cost rate, is defined as:
The relative cost difference, r k , which indicates the relative increase between c F,k and c p,k , is defined as:
Results and Discussion
Energy, exergy, and exergoeconomic analyses are performed for the proposed system using the input data that are presented in Table 1 and Engineering Equation Solver (EES) software [43] . The electrochemical modeling of the PEMFC is validated while using the theoretical and experimental data of Miansari et al. [8] . The comparison is shown in Figure 3 and it indicates good agreement between the results in present work and those that are reported in literature. The slight difference between the results from the present model and the experimental data can be attributed to parameters, such as fuel cell voltage loss due to of cell coupling and heat loss, which are neglected in the present work. Parametric studies are performed to quantify the effects on the proposed system performance of decision parameters, such as the fuel cell current density, fuel cell operating pressure, and ORC turbine pressure. Figure 4a,b show the effects of current density on the fuel cell voltage and power density, respectively, for three values of fuel cell operating pressure. Referring to Figure 4a , the cell voltage decreases with an increasing current density. However, the slope of the variation is higher at lower and higher values of current density. This voltage-current density characteristic curve results from the combined effects of irreversibilities that are caused by activation, ohmic, and concentration overpotentials. Figure 4b indicates that, for a given value of cell operating pressure, the stack power density is a maximum at a particular value of current density, and the optimal value of current density is slightly higher at higher values of cell operating pressure. Figure 4b does not suggest the operation of fuel cell beyond the point at which power is a maximum, as the same output power may be achieved with a lower current density and consequently a higher voltage (see Figure 3 ). Figure 4a ,b also show that a higher voltage and power density are achieved with a higher operating pressure. This is due to the improvements in the reversible thermodynamic potential (ENernst) and the reductions in the activation losses at the electrodes, especially at the cathode. Parametric studies are performed to quantify the effects on the proposed system performance of decision parameters, such as the fuel cell current density, fuel cell operating pressure, and ORC turbine pressure. Figure 4a,b show the effects of current density on the fuel cell voltage and power density, respectively, for three values of fuel cell operating pressure. Referring to Figure 4a , the cell voltage decreases with an increasing current density. However, the slope of the variation is higher at lower and higher values of current density. This voltage-current density characteristic curve results from the combined effects of irreversibilities that are caused by activation, ohmic, and concentration overpotentials. Figure 4b indicates that, for a given value of cell operating pressure, the stack power density is a maximum at a particular value of current density, and the optimal value of current density is slightly higher at higher values of cell operating pressure. Figure 4b does not suggest the operation of fuel cell beyond the point at which power is a maximum, as the same output power may be achieved with a lower current density and consequently a higher voltage (see Figure 3 ). Figure 4a ,b also show that a higher voltage and power density are achieved with a higher operating pressure. This is due to the improvements in the reversible thermodynamic potential (E Nernst ) and the reductions in the activation losses at the electrodes, especially at the cathode. from the combined effects of irreversibilities that are caused by activation, ohmic, and concentration overpotentials. Figure 4b indicates that, for a given value of cell operating pressure, the stack power density is a maximum at a particular value of current density, and the optimal value of current density is slightly higher at higher values of cell operating pressure. Figure 4b does not suggest the operation of fuel cell beyond the point at which power is a maximum, as the same output power may be achieved with a lower current density and consequently a higher voltage (see Figure 3 ). Figure 4a ,b also show that a higher voltage and power density are achieved with a higher operating pressure. This is due to the improvements in the reversible thermodynamic potential (ENernst) and the reductions in the activation losses at the electrodes, especially at the cathode. Figure 5 shows the relation between fuel cell (as a standalone system) efficiency and power density. When referring to Figure 4b , the maximum power density is around 0.53 W/cm 2 for an operating pressure of 300 kPa. With this value of power density, an efficiency of 33.5% is obtained from Figure 5 . This efficiency is much lower than the maximum theoretical value, which is around 80%. Referring to Figure 5 , much higher efficiencies may be obtained at significantly lower power densities. This indicates that, for a given value output power, choosing an appropriate point on the polarization curve ( Figure 4a ) could result in a larger fuel cell (with a larger active area) with higher efficiency or a compact fuel cell with less efficiency. In the literature, it has been reported that the maximum power density is not recommended in fuel cell sizing [44] . An operating point corresponding to a cell potential of around 0.65-0.7 V is common practice. Therefore, this results in a power density of 0.4 W cm −2 and an efficiency of around 44% for the proposed system at the Figure 5 shows the relation between fuel cell (as a standalone system) efficiency and power density. When referring to Figure 4b , the maximum power density is around 0.53 W/cm 2 for an operating pressure of 300 kPa. With this value of power density, an efficiency of 33.5% is obtained from Figure 5 . This efficiency is much lower than the maximum theoretical value, which is around 80%. Referring to Figure 5 , much higher efficiencies may be obtained at significantly lower power densities. This indicates that, for a given value output power, choosing an appropriate point on the polarization curve ( Figure 4a ) could result in a larger fuel cell (with a larger active area) with higher efficiency Sustainability 2019, 11, 3264 16 of 25 or a compact fuel cell with less efficiency. In the literature, it has been reported that the maximum power density is not recommended in fuel cell sizing [44] . An operating point corresponding to a cell potential of around 0.65-0.7 V is common practice. Therefore, this results in a power density of 0.4 W cm −2 and an efficiency of around 44% for the proposed system at the operating condition. Figure 7 shows the effects of current density on exergy efficiency and net power output of the proposed system. Referring to Figure 7 , the exergy efficiency drops as the current density increases. This trend can be explained by noting that, as the current density increases, the heat that is generated by fuel cell rises, so that the heat provided to the bottom cycle increases as more power is produced by the ORC. Additionally, referring to Figure 4b , there is a maximum value for the fuel cell output power as the current density changes. Therefore, as shown in Figure 7 , the net output power is maximized at a particular value of current density. However, the amount of fuel input to the system The effects on the heat rejected from the fuel cell . Q fc and the mole fraction of liquid water at the cathode outlet (x l w,c ) are shown in Figure 6 of the current density. It is observed that, with increasing current density, the . Q fc considerably increases and the x l w,c slightly decreases. Figure 7 shows the effects of current density on exergy efficiency and net power output of the proposed system. Referring to Figure 7 , the exergy efficiency drops as the current density increases. This trend can be explained by noting that, as the current density increases, the heat that is generated by fuel cell rises, so that the heat provided to the bottom cycle increases as more power is produced by the ORC. Additionally, referring to Figure 4b , there is a maximum value for the fuel cell output power as the current density changes. Therefore, as shown in Figure 7 , the net output power is maximized at a particular value of current density. However, the amount of fuel input to the system and, subsequently the input exergy rate ( in E  ), increases with increasing current density. In addition, Figure 7 shows the effects of current density on exergy efficiency and net power output of the proposed system. Referring to Figure 7 , the exergy efficiency drops as the current density increases. This trend can be explained by noting that, as the current density increases, the heat that is generated by fuel cell rises, so that the heat provided to the bottom cycle increases as more power is produced by the ORC. Additionally, referring to Figure 4b , there is a maximum value for the fuel cell output power as the current density changes. Therefore, as shown in Figure 7 , the net output power is maximized at a particular value of current density. However, the amount of fuel input to the system and, subsequently the input exergy rate ( . E in ), increases with increasing current density. In addition, the rate of increase in input exergy is higher than the rate of increase in system net power output at a current density less than the optimum value. Therefore, a decrease of exergy efficiency with current density is expected (see Equation (56)). For current densities that are higher than the optimum value, both . W net and . E in decrease, resulting in a reduction in exergy efficiency (see Equation (56)).
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In addition, the exergoeconomic factor of 41% that was obtained for the PEMFC indicates that the cost associated with exergy destruction for this component greatly exceeds the cost of its ownership Figure 13 shows the variations in exergoeconomic factor,f overall , with PEMFC operating pressure. An increase in the operating pressure is seen to lead to a higher value of f overall , mainly due to the increase in owning and operating costs. Figure 13 shows the variations in exergoeconomic factor, overall f , with PEMFC operating
In addition, the exergoeconomic factor of 41% that was obtained for the PEMFC indicates that the cost associated with exergy destruction for this component greatly exceeds the cost of its ownership The solution to the system of cost balance and auxiliary equations determines the unit exergy cost at different points in the system. Table 6 gives the values of important exergy and exergoeconomic factors for the system. Referring to Table 6 , the PEMFC stack, turbine, and air humidifier, among other system components, have the highest values of the sum . C D,k + . Z D,k and are, therefore, the most important components from a thermoeconomic viewpoint. The air compressor, condenser, and air humidifier exhibit the lowest f values. Therefore, regarding these components, selecting more expensive components are beneficial for better exergoeconomic system performance. In addition, the exergoeconomic factor of 41% that was obtained for the PEMFC indicates that the cost associated with exergy destruction for this component greatly exceeds the cost of its ownership and operation.
The high exergy destruction in the fuel cell is mainly due to the irreversible nature of chemical reactions and voltage losses occurring in this component. An increase in the PEMFC operating pressure and air stoichiometry rate causes a decrease in the exergy destruction of the PEMFC and also in the associated cost, i.e., a higher operating pressure brings about a higher exergoeconomic factor for the PEMFC. For the turbine, the exergy efficiency is 86.0% and the exergoeconomic factor 52.1%. Therefore, the exergy and exergoeconomic performances of this component are satisfactory. The overall value of exergoeconomic factor for the proposed system is determined to be 40.8%. Thus, approximately 59% of the total cost rate of the system is due to exergy destruction. Therefore, in general, better exergoeconomic system performance is achieved with more expensive components. Table 6 . Exergy and exergoeconomic parameters of the PEMFC-ORC system. 
Conclusions
In the present work, a combined power producing system including a PEMFC stack and an ORC is proposed and investigated, in detail, from the viewpoints of exergy and economics. A parametric analysis is conducted in order to investigate the effects of the main parameters on the system's thermodynamic and economic performance. The following conclusions are drawn from the exergoeconomic analysis and parametric study:
•
An increase in the operating pressure results in an increase in the overall exergy efficiency. However, the fuel cell exergy efficiency is maximized at a specific value of operating pressure.
The exergy efficiency for the hybrid power system can be higher than the corresponding value for the PEM fuel cell stack, as a standalone system, by up to 4.16%.
Among the studied fuel cell operating pressures for the proposed system, it is observed that better thermodynamic and economic results are achieved with a pressure of 300 kPa.
The combination of a PEMFC with an ORC is only economically justified at a specific value of current density, which depends on the fuel cell operating pressure. • Among all the cycle components, the compressor and ORC condenser have the lowest exergoeconomic factors (less than 10%), which indicates that these components exhibit the worst exergoeconomic performances.
Increasing the operating pressure of the PEMFC reduces its exergy destruction and also the cost associated with it.
The overall exergoeconomic factor for the proposed system is observed to be 40.8%. Therefore, more expensive components are expected to enhance the exergoeconomic performance of the proposed system. 
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